The antigenic determinants for the main hepatitis B virus (HBV) subtypes adw, adr, ayw and ayr lie in the S (surface) polypeptide. Two amino acid residues in particular, encoded by the S gene at codon positions 122 and 160, have been postulated to determine the different antigenic subtypes. In contrast, the 165 nucleotide pre-$2 gene encodes an immunodominant region common to all subtypes that can give rise to neutralizing antibodies. We have characterized the pre-S2 gene sequences of 29 HBV strains of the three main subtypes, adw, ayw and adr. Seven base positions showed variation that was entirely subtype-specific, with six of these variations leading to subtype-specific amino acid differences. This finding affords the possibility of using pre-S2 sequences for genetic subtyping. Two ayw strains from unrelated patients infected in the Middle East had identical pre-S2 sequences with a block of 12 nucleotides deleted. A geographical correlation with subtype observed from serological results was also apparent from phylogenetic analysis of DNA identities within the pre-$2 region. The results support the concept that the main HBV subtypes truly represent families of phylogenetically different strains,
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The pre-S2 gene of hepatitis B virus (HBV) comprises 165 nucleotides and together with the S gene it encodes the 281 amino acid middle protein (Heermann & Gerlich, 1991) . Amino acids 14 to 32 from the N terminus of the middle protein are believed to be wholly conserved amongst subtypes, with the exception of one amino acid in one subtype (Itoh et al., 1986) . The pre-S2 gene is essential for the formation of the intact virion, and the pre-S2-encoded protein sequence appears together with those encoded by the pre-S1 and S genes on the surface of the Dane particle (Heermann & Gerlich, 1991) . In chronic carriers, i.e. in the absence of virus replication, it is seen in minute amounts (< 1%) in the 22 nm empty surface shells that vastly outnumber the Dane particles in serum (Tiollais et al., 1985) . Protective epitopes have been found in the protein sequences encoded by both pre-S regions (Heermann & Gerlich, 1991) . The pre-S2 protein appears to have an immunodominant function: chimpanzees elicit neutralizing antibodies and are protected against further challenge after inoculation with synthetic peptides covering part of this region (Itoh et al., 1986) . However, an intact pre-S2 gene region does not seem to be essential for HBV replication. Fernholz et at. (1991) described a patient with a replication-competent strain without a functional pre-S2 region. Several other authors have reported HBV strains with deletions and mutations in the pre-S2 gene (Moriyama et al., 1991; Santantonio et al., 1992; Minami et al., 1993) .
Our knowledge of strain variation of HBV has until recently been confined to the main four different subtypes (Le Bouvier, 1971; Bancroft et al., 1972) . The antigenic determinants defining the different subtypes reside on the surface protein, which is encoded by the S gene. There is one major determinant, a, common to all strains which is encoded by a 27 to 42 nucleotide sequence in the middle of this gene (Hopp & Woods, 1981; Prince et al., 1982; Brown et al., 1984; Ashton-Rickardt & Murray, 1989a) . The d/y and w/r subtype determinants probably consist each of a single amino acid, at positions 122 and 160 respectively, which flank the a determinant (Okamoto et al., 1987a, b; Ashton-Rickardt & Murray, 1989b; Norder et al., 1991) . The w phenotype is not homogeneous in serological tests, thus allowing the division into four w groups, denominated wl, w2, w3 and w4. The residue responsible for w3 reactivity is postulated to be at position 127 in the S protein (Norder et aI., 1992) .
The occurrence of HBV subtypes follows a geographical pattern (Couroucr-Pauty et al., 1983) . Hence 'indigenous' strains from northern Europe and North America can be expected to be adw, strains from the Pacific, northern China and Korea to be adr, strains from the Middle East and south-east Europe to be ayw and from the southern Far East to be adw or adr. The increase in international travel and increased migration might eventually change these patterns, but there are as yet few deviations from them (Norder et al., 1992 For several years subtyping of HBV was a rarely used tool in the epidemiological mapping of the virus. With the recent interest in genetic variants of HBV, and their clinical and serological importance, subtyping of strains has been reported in several publications (Orito et al., 1989; Okamoto et al., 1988; Norder et al., 1992; Nicholson et al., 1992; Repp et al., 1993) . This has been done by conventional serological methods or, more commonly now, by PCR and sequencing of the S gene.
By studying the pre-S2 gene in 29 HBV carriers from different parts of the world, we have found distinctive patterns of genetic variation, with a high degree of conservation within subtypes. Moreover, multiple sequence analysis of these pre-S2 variants independently of their subtype revealed geographical relationships between strains.
Twenty-nine patients positive for the hepatitis B surface antigen (HBsAg) were chosen for the study. They came from five different geographical areas: northern Europe; south-east Europe, the Middle East and India; Africa; the Far East; and Polynesia and New Zealand (Table t) . Further serological testing showed that six were positive for anti-HBe [antibody against the hepatitis B e antigen (HBeAg)], one was neither HBeAg-nor anti-HBe-positive, and the remaining 22 were HBeAgpositive.
Primers for PCR amplification and characterization of the pre-S2 region were chosen from conserved regions upstream of pre-S1 (KL12) and downstream of pre-S2 (KL16 and KL14) ( Table 2 ). Using two-primer combinations (KL12 with KL16, and KL12 with KL14), amplification products with migration in agarose compatible with predicted sizes of 809bp and 1378bp resulted in all cases but two. These strains both had amplification products lacking 10 to 20 bp, as estimated from extended migration in agarose gels.
To obtain the genetic subtype of each HBV strain, the region of the S gene spanning codons 115 to 170 was sequenced by standard methods (Ljunggren & Kidd, 1991) , and the amino acids at positions 122 and 160 were deduced. It is possible that the subtype determinants of HBV, d/y and w/r, encompass more than one amino acid each of the S protein, but d strains invariably have lysine at position 122 and y strains have arginine; w strains always have lysine at position 160, whereas r strains have arginine (Norder e t al., 1991) . In the 19 cases where both genetic and traditional serological (Courouc6 et al., 1976) subtyping could be performed, the results corresponded (Table 1) . For the remaining 10 cases, there was either insufficient serum left or the HBsAg titre was too low to allow serological subtyping with the technique used. Six patients belonged to subtype adw, 15 patients to subtype ayw and the remaining eight to subtype adr. The geographical origin of the patients T  T~  2  adw  T  TG  3  adw  T  TG  4  adw  T  TG  5  adw  T  TG  6 adw T G addict with no history of travel. Amino acid position 127 of the S protein, previously judged to be w3-specific when it is threonine instead of proline (Norder et al., 1992) , was threonine in the Swedish patient and leucine in the two African siblings. Thus, it may be the absence of a proline at this position, rather than the actual identity of its substitute, that determines antigenic change from w2 to w3. The absence of proline may change the local conformation of the protein backbone. Both strands of the 165 nucleotide pre-S2 gene were sequenced using primers KL15 and KL16, respectively (Table 2) . Three adr strains had sequences that were identical, four adw strains had identical sequences and two sets of ayw strains comprising two and three members respectively had identical sequences. Otherwise, substantial variations between the different strains were seen (Fig. 1 and 2) . In total, there were 48 base positions showing variability, 22 of which would lead to amino acid sequence variation. Over the whole pre-S2 region, 10 of the 29 strains had unique single point mutations not seen in the other strains. The middle region, covering base positions 42 to 96 and corresponding to the proposed immunodominant region (Itoh et al., 1986) , was the most conserved, with non-conservative nucleotide variations at only five positions. A consensus DNA sequence was derived from analysis of the most frequent base at any position among the 29 strains studied (Fig.   1 ).
The two ayw strains giving shorter PCR products (from patients 9 and 17) had the same 12 nucleotides deleted in the first half of the pre-S2 gene, which would be predicted to encode part of the immunodominant region. These strains also shared another sequence variation at codon 16, giving rise to threonine rather than arginine (Fig. 2) . We have no explanation for the identical pre-S2 genes. As the sera from both patients had been analysed separately and at different times, with care to avoid contamination, we are confident that the result was not caused by carryover of DNA. In addition, the strains were sequenced over the pre-S1, S and core genes and found not to be identical in each of these regions. Both patients were anti-HBe-positive. Patient 9 had been infected in Turkey and had an acute HBV infection with anti-HBe detectable as early as the third day after onset of jaundice. She became anti-HBspositive within 2 months. Patient 17 was a chronic carrier from the Iraqi-Turkish border with histologically proven chronic active hepatitis. That different mutant strains with a 12 nucleotide deletion in the pre-S2 region circulate in Turkey and Northern Iraq is the most likely explanation for the result.
Patients 16 and 18 are siblings and were probably congenitally infected. Their strains were identical over the pre-S2 region but for one nucleotide, at position 111 ofpre-S2. Since these patients were only 12 and 13 years old, respectively, and as they were presumably infected by the same strain, this indicates that the rate of mutation in the pre-S2 region is not insignificant.
Correlation of the sequencing data from the 29 strains with their respective subtypes showed three distinctive among the 20 unique pre-S2 sequences (from 29 strains). All adw strains are shown in italics, all adr strains are shown underlined and all ayw strains, except ayw3, are shown in bold. The origins of the strains are marked as follows: ~, Northern Europe; ®, south-east Europe, the Middle East and India; I, Africa; 0, the Far East; /X, the Pacific (Polynesia and New Zealand). Sequence alignments were made using Clustal V (Higgins et al., 1992) . The pre-S2 region sequences that were identical in more than one HBV strain were subsequently analysed as one entry. The programs contained in the PHYLIP package (Felsenstein, 1989 (Felsenstein, , 1993 were then used to determine tree topologies. Multiple bootstrapped sequence data sets (100 resampled versions of the input data set) were generated by SEQBOOT and analysed individually by the DNA parsimony program DNAPARS. The trees from all data sets were used to arrive at a majority rule consensus tree using CONSENSE, and the unrooted consensus tree was visualized using DRAWTREE. patterns. Key nucleotide variations could be distinguished for each main subtype. For all 15 strains of subtype ayw, pre-S2 nucleotide 146 showed a subtypespecific variation (T) compared to the sequences of other subtypes. A thymidine at nucleotide 38 was specific for subtype adr strains and, similarly, nucleotides 19, 51, 110, 113 and 137 were characteristically invariable in subtype adw strains (Fig. 1) . Six of these nucleotide variations were non-conservative, leading to subtypespecific amino acid variations (Table 3) . Four of the predicted amino acid changes (corresponding to nucleotides 19, 38, 113 and 146) involve an alteration in the properties of the amino acid side-chain, but this may be of questionable significance.
As subtype adw showed five invariant base positions compared to the other subtypes and subtypes adr and ayw showed one each, it might be possible to use the pre-$2 region, in addition to or in place of the S gene, for genetic subtyping.
It is interesting to note that in the region of the pre-S2specific protein sequence which is able to induce neutralizing antibodies to whole HBV challenge, i.e. residues 14 to 32 (Itoh et aI., 1986) , there were no subtype-specific amino acid changes seen in this study. However, 10 of the 29 strains showed non-conservative point mutations in this region that were not subtypespecific. It can thus be questioned whether the whole 19amino acid sequence is necessary for eliciting neutralizing antibodies.
Genetic subtypes different from the traditional antigenic subtypes have been discussed by others. It has been postulated that four or more different genetic subtypes can be distinguished, which are different from the antigenic subtypes (Orito et al., 1989; Okamoto et al., 1988; Norder et al., 1992) , and hence that the antigenic subtypes merely reflect amino acid changes in a region of the S protein. In contrast, the results from this study show a very high degree of genetic conservation in the pre-S2 region between subtypes.
After grouping all identical sequences, sequential analysis of the 20 unique pre-S2 sequences using the programs SEQBOOT, DNAPARS and CONSENSE (Felsenstein, 1993) revealed three definite clusters of sequences corresponding to the three subtypes (Fig. 3) . Moreover, with very few notable exceptions, strains belonging to each of the three clusters mapped closely according to geographical origin. For example, adw strains JOA, MP, MH and RO (patients 1, 2, 3 and 5, respectively), mapping closely, were all from Poland; adr strains 029, 651,491 and 162 (patients 25, 26, 27 and 29, respectively) , mapping closely, were from New Zealand, and ayw strains NB, TY5, AN, PC and TK (patients 7, 8, 9, 10 and 17, respectively) , mapping closely, were all from the Middle East or India. It is of some interest that the Pacific strains fall into two distinct genetic clusters (Fig. 3) . It is also of interest that the three known ayw3 strains take up a central position on the rootless tree, suggesting that the genetic relationship of these strains to the other ayw strains is no closer than to the other subtypes.
Phylogenetic inferences from computer alignments and trees are always subject to overinterpretation, and application of statistical analyses can help but cannot eliminate this danger. Derivation of the unrooted tree in Fig. 3 by the method of DNA parsimony was largely uncompromised irrespective of the order of entry of the sequences, and after bootstrapping the data sets. It seems therefore, according to the pre-S2 gene sequence, that at least three of the four HBV subtypes, adw, adr and ayw, represent truly genetically different strains, and that, quite apart from subtype delineation, the nucleotide variations seen between different strains reflect their geographical origin.
